Genomic imprinting results in the differential expression of genes, depending on which allele is inherited from the mother and which from the father. The effects of such differential gene expression are reflected in phenotypic differences between the reciprocal heterozygotes (Aa vs. aA). Although many imprinted genes have been identified and play a key role in development, little is known about the contribution of imprinting to quantitative variation in trait expression. Here, we examine this problem by mapping imprinting effects on adult body composition traits in the F 3 generation of an intercross between the Large (LG/J) and Small (SM/J) inbred mouse strains. We identified eight pleiotropic imprinted quantitative trait loci (iQTL) located throughout the genome. Most iQTL are in novel locations that have not previously been associated with imprinting effects, but those on chromosomes 7, 12, and centromeric 18 lie in regions previously identified as containing imprinted genes. Our results show that the effects of genomic imprinting are relatively small, with reciprocal heterozygotes differing by Ϸ0.25 standard deviation units and the effects at each locus accounting for 1% to 4% of the phenotypic variance. We detected a variety of imprinting patterns, with paternal expression being the most common. These results indicate that genomic imprinting has small, but detectable, effects on the normal variation of complex traits in adults and is likely to be more common than usually thought.
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epigenetics ͉ mouse ͉ obesity ͉ quantitative trait loci ͉ organs G enomic imprinting refers to the expression of only one of the two alleles carried by a diploid organism with expression depending on the parent of origin of the alleles (1, 2) . At some imprinted loci, such as Igf2r in mice, only the maternal allele is expressed, whereas at other loci, such as Igf2, only the paternal allele is expressed (3, 4) . This parent-of-origin-specific expression pattern is evinced by phenotypic differences between the ordered reciprocal heterozygotes, Aa and aA, where the first allele denotes the paternally derived copy and the second denotes the maternally derived allele. Although the two heterozygotes (Aa and aA) are genotypically equivalent, they can be phenotypically distinct because, under genomic imprinting, only one of the two parental alleles is expressed. A variety of molecular mechanisms are thought to be involved in imprinting effects, including DNA methylation, histone modification, noncoding RNAs (ncRNA), and even longdistance interchromosomal interactions (4) (5) (6) (7) .
When first discovered, genomic imprinting was thought to be a rare and unusual (8) , but to date studies of murine translocations have identified nearly 100 imprinted genes on 11 chromosomes (www.har.mrc.ac.uk/research/genomic_imprinting; ref. 9) , and the Imprinted Gene Catalog lists 144 imprinted genes across the whole genome (9) . Most of these discoveries were based on the severe phenotypic effects of the overexpression of imprinted genes attributable to an unbalanced chromosome complement produced by translocation. Imprinted genes tend to be found in clusters of adjacent loci (10) , but their gross phenotypic effects remain obscure. Morison et al. (9) note that there may be many imprinted genes with subtle effects that remain undiscovered. Researchers have performed genome-wide scans using biochemical techniques to identify differentially methylated regions based on parent of origin of the alleles (11) . In addition, Luedi et al. (12) predicted Ϸ600 potentially imprinted genes by using sequence analysis to identify regions with sequence features similar to those found at known imprinted loci. The total number of imprinted genes and their range of phenotypic effects, however, remain uncertain.
Imprinting effects have been characterized as exhibiting maternal or paternal gene expression leading to the expectation that each of the heterozygotes will be similar to its paired homozygote (e.g., refs. 13 and 14) . With paternal expression, the Aa heterozygote and AA homozygote would both express the A allele, and the aA heterozygote and aa homozygote would both express the a allele. However, parent-of-origin-specific expression can lead to more complex phenotypic patterns when multiple linked, imprinted genes with diverse expression patterns act in concert (R.H., J.M.C., C.R., and J.B.W., unpublished data). Hager et al. (R.H., J.M.C., C.R., and J.B.W., unpublished data) present a scheme for characterizing the potential diversity of imprinting patterns. In this scheme (summarized in Fig. 1 ), imprinting patterns are classified as either parental expression (paternal or maternal) or dominance (bipolar and polar) imprinting (see Fig. 1 ). Types of imprinting are classified according to the relative values of the imprinting, additive, and dominance genotypic values at the locus of interest (see Fig. 1 ) (15) .
Genomic imprinting studies have concentrated on effects early in mammalian life, predominantly prenatal or early postnatal effects (16) (17) (18) . However, it is quite possible that imprinting affects adult traits and disease susceptibility as well either through the persistent effects of early growth and development (19) (20) (21) (22) (23) (24) or through direct effects on adult physiology. Clearly, the occurrence of imprinting effects later in life remains an empirical problem, and, indeed, data on the occurrence of imprinting effects on such traits may ultimately suggest that an exclusive focus on early development is unwarranted for imprinting.
Here, we undertake a genome-wide mapping approach to identifying regions of the genome that have an imprinting effect on adult body composition using a three-generation intercross between inbred mouse strains. An advantage to this kind of screen is that the imprinted regions are identified by their effects on phenotypes, providing clues to their physiological roles and to their relative importance in natural phenotypic variation. Also, we are able to detect even relatively small effects so that the role of genomic imprinting on normal physiological and developmental processes and on complex diseases can be ascertained.
Results
We discovered nine quantitative trait loci (QTL) on seven different chromosomes that had significant parent-of-origin effects at the chromosome-wide level (see Table 1 ), with one (Bwi12.1) having an effect that also was significant at the genome-wide level. The full multivariate model including additive, dominance, and imprinting effects on all seven traits indicated that seven of the nine loci were significant at the chromosome-wide level, with four of these seven also being significant at the genome-wide level. Genotypic values for LL, LS, SL, and SS genotypes, with their standard errors, are presented in supporting information (SI) Table 2 . The significant QTL on chromosome 6 (Bwm6.1) did not show significant differences between reciprocal heterozygotes among offspring of heterozygous mothers, as expected for genomic imprinting effects, but did provide strong evidence for a maternal genetic effect (25) . Most individual traits mapped to multiple genomic locations at the chromosome-wide level, including liver, fat pad, heart, and kidney weight, when only one significant result is expected under the null model of no imprinting effect. There was only one chromosome-wide significant result each for spleen and body weight as expected by chance under the null model, but the result for body weight also is significant at the more stringent genome-wide level. Furthermore, several additional locations identified as significant at the chromosome-wide level for other traits were significant at the point-wise level for body weight and spleen weight. Tail length was the only trait that was never significant at the chromosome-wide level and therefore provides little or no evidence for imprinting effects in this population.
Imprinted QTL (iQTL) regions with a significant effect on one or more traits also had smaller effects on other traits that were substantial but failed to reach the stringent chromosome-wide significance threshold on their own. These traits are also included in Table 1 if they were significant at the point-wise level at a location affecting another trait at the chromosome-wide level. Most iQTL affected several traits. Liver weight and body weight mapped together at all six of the loci affecting either trait, whereas three of these six also affected reproductive fat pad and kidney weight. Kidney weight mapped to six iQTL, including one unique location (Bwi4.1), whereas spleen and heart weights mapped to three locations each. Generally, we find that iQTL tend to be pleiotropic, having effects on many different aspects of body composition.
The average difference between reciprocal heterozygotes (2i) is 0.25 standard deviation (SD) units, ranging from 0.16 to 0.42 SD, so these effects must be considered small. Phenotypic variance explained by these effects also is small, varying from 1% to 4% per locus. The strongest imprinting effects are at Bwi12.1 where the difference between reciprocal heterozygotes is Ϫ0.34 SD units (i ϭ Ϫ0.17 SD) and the locus accounts for an average of 2.2% of the phenotypic variance in the affected traits. Collectively, the iQTL account for 1.4% to 4.6% of the phenotypic variance, depending on the trait. The proportion is lowest for tail length and heart and spleen weights, at intermediate levels for reproductive fat pad and kidney weights, and highest for liver and body weights.
The iQTL effects displayed a variety of imprinting patterns, including 12 effects with parental expression (3 maternal, 9 paternal), 11 with bipolar dominance imprinting (9 positive and 2 negative), four with polar overdominance imprinting (2 positive, 2 negative), and two with polar underdominance imprinting. Most traits showed multiple forms of imprinting across loci, but all three reproductive fat pad iQTL effects displayed paternal expression as did four of six body weight iQTL effects.
The pattern of imprinting varied among traits at the same iQTL. For example, Bwi3.2 displays all three kinds of imprinting: parental expression, bipolar dominance imprinting, and polar dominance imprinting. The strongest imprinting effects were for Bwi12.1, affecting liver, kidney, reproductive fat pad, and overall body weight (see Fig. 2 ). The difference between paternal expression for fat pad and body weight and polar overdominant imprinting for liver and kidney weights is the relative value of the SS genotype, which is higher for fat pad and body weight than for liver and kidney weights.
Genotypic values at the chromosome 6 QTL (Bwm6.1) that showed a significant parent-of-origin-dependent effect were not consistent with imprinting. Instead, its statistical significance seems to be attributable to a large additive maternal genetic effect that appears as imprinting only because of the correlation between additive genetic maternal effects and imprinting effects in this design (25) . 
Discussion
We have demonstrated that genomic imprinting affects normal variation in adult body composition phenotypes, indicating that later life features may be affected by imprinting and, therefore, a focus on imprinting as affecting early development is perhaps misplaced. Although only one imprinted locus reached a genomewide level of significance in the test for parent-of-origin effects (Bwi12.1), a total of 14 iQTL effects were significant at the chromosome-wide level. In addition, the overall tests of significance for the nine loci (including the locus Bwm6.1, showing a maternal effect), where each locus was tested for its total effect (additive, dominance, and parent-of-origin-dependent) on the entire suite of traits, indicated that four of the nine QTL were significant at the genome level and an additional three loci at the chromosome-wide level. This overall multivariate significance test provides strong evidence supporting these QTL because it considers all seven traits jointly. The multivariate tests also suggest that the two iQTL (Bwi5.1 and Bwi18.1) that were not significant at the chromosome level should be interpreted with caution, although the fact that these loci each show an imprinting effect on multiple traits supports the hypothesis that they are likely to represent real iQTL. Chen and Storey (26) have shown that the use of per-chromosome significance thresholds balances the possibility of identifying false positive QTL with that of ignoring too many true positives in a genome scan. As with any QTL mapping study, the reliability of the imprinting locations reported here need to be evaluated by additional study allowing validation and finer mapping resolution.
The highest number of iQTL affecting any single trait was six (a number shared by liver, kidney, and body weight), which can be compared with the number (N) of significant additive (aQTL) and/or dominance (dQTL) QTL effects (genotypic values) found in the F 2 population for these same body composition traits (27, 28) . Overall, many more aQTL effects (n ϭ 51) than iQTL effects (n ϭ 29) were found for body composition. Overall, the frequency of significant dQTL effects is more similar to the frequency of iQTL effects, with a total of 25 significant dQTL effects compared with 29 iQTL effects reported here. Additive genotypic effects are clearly more common than imprinting effects in this population whereas imprinting and dominance effects are comparable in frequency. Like most aQTL and dQTL (28) , the majority of iQTL affected several body composition traits, indicating the generally body-wide scope of imprinting effects.
The most prominent iQTL is Bwi12.1, with effects on the reproductive fat pad, liver, kidney, and total body weight, but even these imprinting effects must be characterized as relatively small given that the difference between reciprocal heterozygotes is distributed between 0.20 and 0.40 SD units. Dominance genotypic stands for imprinting effects on body composition, X identifies the  chromosome, and Y identifies the iQTL on the chromosome (also included is one locus, Bwm6.1, where the parent-of-origin The term a signifies the additive genotypic value, d the dominance genotypic value, i the imprinting genotypic value, and (i/SD) the imprinting genotypic value on the scale of the phenotypic standard deviation for the trait. Imprinting type specifies one of the eight imprinting types defined in Fig. 1 with MGE, indicating a significant i value caused by a maternal genetic effect. R 2 is the proportion of phenotypic variance in the trait accounted for by the imprinting effect. The iLPR is Ϫlog 10 (probability of no imprinting effect), whereas Locus LPR corresponds to the overall multivariate test for a locus, corresponding to Ϫlog10 (probability of no a, d, or i effect). i, (i/SD), and LPR values significant at the chromosome-wide level are indicated in boldface font, and LPR values significant at the genome-wide level are indicated with an asterisk ( * ). All weights are given in grams and lengths are given in millimeters.
values for these same traits mapped in the F 2 population also are typically within this range, but differences between homozygotes often are Ͼ0.40 SD units (27, 28) . Thus, imprinting effects are similar in magnitude to dominance effects but small when compared with additive genotypic values.
Our findings of imprinting effects on adult body composition traits correspond to those found for several diseases caused by imprinting defects that persist well after birth, including BeckwithWiedemann Syndrome, Prader-Willi Syndrome, and Albright Hereditary Osteodystrophy (29, 30) . Studies have mapped imprinting effects in various human populations for adult obesity and body composition traits (30) (31) (32) and imprinting marks, such as methylation and histone configuration, often persist into adulthood (31) . Imprinting may play a physiological role in metabolism and body composition throughout life thereby contributing both to normal variation and the etiology of complex diseases rather than being restricted to prenatal and neonatal time periods.
Patterns of Genomic Imprinting Effects. We have identified several different patterns of imprinting effects (Table 1) , including both paternal and maternal expression, bipolar dominance imprinting, and polar dominance imprinting (see Fig. 1 ). The differences among these categories can be subtle, as illustrated when different traits show different imprinting patterns at the same locus (see Fig.  2 ). The molecular origins of these patterns can be complex (5) because they involve traits remotely related to specific gene expression phenotypes. Silencing of one parental allele may lead to simple monoallelic expression (e.g., ref.
2). However, even in the simple case of monoallelic expression, patterns of effects on higher-order phenotypes, such as body weight and obesity, may not correspond to mRNA levels in a simple linear fashion. Other imprinting patterns, such as polar and bipolar dominance imprinting, may be the result of more complex molecular mechanisms involving several different linked imprinted loci (4) (R.H., J.M.C., C.R., and J.B., unpublished work), as has been hypothesized for the callipyge mutant (33) and for bipolar imprinting (R.H., J.M.C., C.R., and J.B., unpublished work).
The diversity of imprinting patterns found for different traits at a single locus is reminiscent of the patterns of differential dominance, where a pleiotropic QTL has different dominance patterns for different traits (34) . Although rarely discussed (35) , it is common for traits at the same locus to variously display allele A dominant to allele a, a dominant to A, codominance, or even overdominance for different traits at the same locus. This finding is interpreted as being attributable to different genotype-tophenotype maps for different traits affected by the same locus (34) . We see a similar phenomenon here for imprinting effects, implying that the mapping of imprinting effects from gene expression to phenotype varies from trait to trait. Although differential dominance can have important effects on evolution and the maintenance of genetic diversity under selection, the consequences of differential imprinting remain unexplored.
Hager et al. (25) point out that imprinting is not unique in producing apparent parent-of-origin effects. Maternal genetic effects, genetic variation in the effects of the environment provided by the mother on her offspring's development, also can produce a parent-of-origin pattern of offspring genotypic values including differences between reciprocal heterozygotes. Here, we find that a location on chromosome 6 (Bwm6.1) produced an apparent imprinting effect in that the difference between reciprocal heterozygotes was highly significant but, on further study, was shown to be caused by a maternal genetic effect, not an imprinting effect. The conflation of maternal genetic and imprinting effects also may affect other imprinting mapping studies, raising an important issue for such studies.
Location of Detected iQTL. Most of the iQTL mapped here are in locations (e.g., chromosomes 3, 4, and 5) where there are either no imprinted loci in some databases (www.har.mrc.ac.uk/research/ genomic_imprinting) or a paucity of loci (9) . Although chromosome 7 has several imprinted regions, our iQTL, Bwi7.1, mapped to chromosomal bands F1-3, whereas the documented imprinting regions are in the B band range. The Prader-Willi Syndrome maps to the F5 band on chromosome 7, which also includes Igf2. One imprinted gene has been noted in the distal portion of the Bwi7.1 region, Inositol polyphosphate-5-phosphatase F version 2 (Ipp5fv2; ref. 36) . Ipp5fv2 is paternally expressed in the brain but does not have any known higher-order phenotypic effects. Bwi7.1 also shows paternal expression for several of its affected traits. It remains uncertain whether there are more imprinted genes nearby. Dong et al. (30) also found evidence for an imprinting effect on obesity mapping to human chromosome 11q13, a region of conserved synteny to our Bwi7.1 iQTL.
Georgiades et al. (40) found strong evidence for imprinting on chromosome 12, especially at the telomeric end of the chromosome where the genes involved in the callipyge mutation occur (33, 38, 39) . However, Bwi12.1 maps proximal to the known imprinted region so it seems to represent a unique imprinting region, although imprinting has been implicated in the effects of a mutation (Adp) caused by a transgene insertion into the region of Bwi12.1 (40, 41) . Finally, there also is some evidence for imprinting in the proximal region of chromosome 18, corresponding to the Bwi18.1 region. The Impact gene is a paternally expressed gene discovered by allelic message display that is expressed in the brain but has no known function or phenotypic consequences (42) .
Luedi et al. (12) used bioinformatic tools to identify 600 putative imprinted genes in the mouse genome. SI Table 3 lists the genes that map to the confidence regions of the iQTL mapped here. Both our confidence regions and Luedi et al.'s list of predicted imprinted genes are long, so some correspondence may be expected by chance. Even so, some confidence regions contained many such imprinting candidates, including 16 within Bwi7.1, 13 in Bwi18.1, and 11 in Bwi3.2. These iQTL appear to be especially rich in imprinting candidates because we would expect only about six of Luedi et al.'s (12) candidates to map to one of our iQTL regions by chance. Because the evidence for imprinting used by Luedi et al. is experimentally unrelated to the evidence we present, the enriched regions should be productive in further research to fine-map the iQTL detected here and apply molecular tests for gene expression and epigenetic modification of the positional candidate genes.
We have mapped a series of imprinted gene effects on normal variation in adult body size and composition traits in mice. Although these effects are individually small and not as common as additive genotypic effects, they are about as frequent as dominance effects in our intercross population. Whether these results are typical for other populations remains to be determined. The presence of imprinting genotypic effects on normal variation raises unresolved issues concerning their own evolution and their consequences for phenotypic evolution.
Materials and Methods
The experimental population includes animals from the F2 intercross of Large (LG/J) and Small (SM/J) inbred mouse strains and their F 3 offspring (43, 44) . Ten LG/J females were crossed with 10 SM/J males to produce 54 F 1 hybrids. These F1 hybrids were intercrossed to produce 510 F2 animals. The F 2 males and females were then randomly mated to produce 200 full-sibling F 3 families with a total of 1,632 F3 animals. One hundred fifty-eight of the 200 F 3 families participated in a cross-fostering protocol in which half of the pups from a pair of litters born on the same day were reciprocally exchanged between mothers (43, 45) . Thus, for approximately half of the population of pups, the normal correlation between postnatal maternal and offspring genotypes was negated.
The two parental strains, LG/J and SM/J, are inbred lines derived from separate breeding experiments for large (LG/J; ref. 46 ) and small (SM/J; ref. 47) 60-day body weight from disparate source populations. These strains were maintained at The Jackson Laboratories and were the source for several experiments on the genetics of body size (48) . In our laboratory, adult LG/J animals are 16 to 20 g heavier than SM/J animals. The strains show genetic variation for body weight, growth, skeletal morphology, obesity, glucose and insulin levels, and response to a high-fat diet (49 -51) among other features (52) . QTL mapping studies of phenotypes used in this study have found that genetic variation is attributable to many loci (6, 7, 11-14, 33, 38, 39, 53) (R.H., J.M.C., C.R., and J.B.W., unpublished work) of relatively small effect (a Ͻ 0.3 SD) with variable dominance, epistatic interactions, and modular pleiotropic gene effects (54) . Imprinting effects on these traits are unknown.
Animals were killed after 70 days of age or after having produced and reared their offspring to weaning, at 3 weeks of age. At necropsy, animals were weighed to obtain an overall measure of body size, the length of the tail was measured with calipers, and then they were dissected and their organs (reproductive fat depot, heart, kidneys, spleen, and liver) were weighed to the nearest 0.01 g with a digital scale. Before gene mapping, the effects of age at necropsy, sex, and litter size at birth were removed from the data, and the residuals were used in the analysis (43) .
Fresh DNA was extracted from livers in 2006 and used to score 353 polymorphic SNP markers across the autosomes using the Illumina GoldenGate assay. These SNP markers (see SI Table 4 ) were chosen from the 4,200 polymorphic markers scored as part of the CTC/Oxford genotyping consortium (www.well.ox.ac.uk/mouse/INBREDS/; ref. 52 ), which resulted in markers being placed every 4 -5 cM along the genome except in regions that seem to be nonpolymorphic between LG/J and SM/J (52). Genotypes were obtained for all F 2 animals and their F3 offspring.
The F2 and F3 genotypes were used to reconstruct haplotypes using the ''block-extension algorithm'' in the PedPhase program (55) ¶ that solves the ''minimum-recombination haplotypes configuration problem'' (56) . With this haplotype information, it was possible to distinguish all four genotypes in the F3 population at each marker locus (LL, LS, SL, and SS) with the paternal allele listed first and the maternal allele second.
We performed mapping analyses by using marker regression (57) implemented by canonical correlation using the SAS CANCORR procedure (SAS Institute) with the 1,632 F3 animals (58) (R.H., J.M.C., C.R., and J.B.W., unpublished work). The four ordered genotypes at the marker loci (LL, LS, SL, and SS) were assigned additive (Xa; LL ϭ ϩ1, LS, SL ϭ 0, SS ϭ Ϫ1), dominance (Xd; LS, SL ϭ 1, LL, SS ϭ 0), and imprinting (parent of origin) (Xi; LS ϭ ϩ1, LL, SS ϭ 0, SL ϭ Ϫ1) genotypic index values following Mantey et al. (59) . The set of phenotypes are regressed onto the genotypic index scores at each marker locus, and the resulting regression coefficients are the additive (a), dominance (d), and imprinting (i) genotypic values. Because we primarily focused on the imprinting effect, we obtained the probability of this effect controlling for potential additive and dominance effects at the locus and used the significance of these parent-of-origindependent effects to identify iQTL. To help confirm that locations identified this way are real QTL, we also tested each locus for its overall effect (a, d, and i) on the full set of traits using canonical correlation. This test can be viewed as an overall significance test for a particular locus.
Probability values (P) generated by the CANCORR procedure were transformed to a logarithmic probability ratio (LPR) to make them comparable to the LOD scores typically seen in QTL analyses [where LPR ϭ Ϫlog10(P)]. As defined in standard quantitative genetic theory, the additive genotypic value (a) is equal to half the difference between the homozygotes, and the dominance genotypic value (d) is the deviation of the heterozygote mean from the midpoint of the homozygotes (15) . The imprinting genotypic value (i) is half the difference between the reciprocal heterozygotes (59) .
This measure of imprinting effects (i) has a 0.5 correlation with genetic maternal effects (am). To examine whether the mapped effect is caused by an imprinting or maternal effect, the four genotypic values for each trait at each locus were examined relative to the three maternal genotypes and a test performed for maternal genetic effects (i.e., to test whether am was zero) as half the difference between pups born of homozygous mothers. If the offspring of homozygous mothers differs significantly from each other and the observed ''imprinting'' effect is primarily attributable to differences between the means of heterozygous offspring of homozygous mothers, it is quite likely that the parent-of-origin effect appears as a consequence of maternal genetic effects rather than imprinting (25) .
Significance testing was approached through simulation of the family structure of the observed F2 and F3 generations to control the significance threshold for both multiple comparisons and the genetic autocorrelation among the F3 siblings. This was done by simulating the pedigree from the F1 generation with the levels of recombination observed in the F 2 generation to produce genotypes for F3 families with the same family size distribution as the actual population. Phenotypes then were associated with genotypes of their own simulated family so that the familial structure of the phenotypes and their heritabilities and genetic correlations remain unaltered. The simulated genotypes also have the same family structure as the original population but the simulated genotypes are wholly unassociated with the observed phenotypes. We obtained the distribution of LPR scores at each marker, for each chromosome, and across the whole genome under the null model of no association between specific genotypes and phenotypes using 1,000 simulations. Significance thresholds for the whole genome and for each chromosome were taken as the 95th percentile LPR values from the set of 1,000 simulated genome-and chromosome-level tests. A per-locus 5% significance threshold also was generated to allow for tests of all other traits at each identified locus. ¶ 
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